Fertilizer application on soils that have received long-term manure application is often not necessary and typically not advised for environmental reasons. Soil properties at the discontinuation of manure application may assist in modeling crop yield trends on such soils in subsequent years. The data used in this study were from a long-term field experiment initiated in 1973 at the Agriculture and Agri-Food Canada Research and Development Centre in Lethbridge, Alberta. Soil and plant samples were collected annually from 1973 through 2010 from irrigated plots that were cropped to barley (Hordeum vulgare L.) every year. Soil properties measured at the start of the experiment in 1973 were used to model yield in the control plots while soil properties measured at the end of annual manure applications in 2003 were used as predictors in partial least squares (PLS) regressions to model barley yield in subsequent years in plots in which manure application was discontinued. Soil total N, organic carbon, P, and NO 3 -N concentrations were the most important soil properties for modeling annual barley grain yield in manured soils using PLS regression. Our results indicate that initial measured soil properties can be a useful tool in modeling yearly crop yield. During the 7 yr following discontinuation of manure application, there was no evidence of convergence in grain yield among amendment treatments, reflecting that the soil nutrient levels were above agronomic thresholds for optimum yields. Long-term monitoring of yield will assist in the development of models for predicting when nutrient application will become necessary.
L ivestock manure is routinely applied to cropland to replenish essential plant nutrients in the soil (Schoenau and Davis, 2006) and improve soil physical properties such as bulk density, porosity, permeability, and hydraulic conductivity (Miller et al., 2002) . Caution is usually taken to minimize the excessive build-up of nutrients that can result in environmental degradation (Eghball, 2000; Olson et al., 2009; Stumborg and Schoenau, 2008) . Most agricultural soils near concentrated animal feeding operations often have a long history of manure application, with high levels of nitrogen (N), phosphorus (P), and possibly salts (Hao and Chang, 2003; Ferguson et al., 2005; Olson et al., 2010b) .
Producers often discontinue manure application on cropland after an extended period of repeated manure application to allow for the phytoextraction of excess soil nitrogen (N) and phosphorus (P) through repeated cropping (Eghball et al., 2003) . Successive crop production on such soils would be highly dependent on the soil's ability to maintain its productivity and nutrient reserves with time (McAndrews et al., 2006; Sieling et al., 2006) . To maximize crop production without any nutrient addition to the soil, the producer does require an understanding of soil properties that might limit yield (Cox et al., 2006) . This can be accomplished by relating yield data to measured soil variables in the same field for many years. However, yearly data (soil and biomass yield) collection and laboratory analysis could be costly and labor intensive, and the questions remain whether initial soil properties measured prior to the start of repeated manure application or immediately following cessation of manure application can be used to predict crop yields in subsequent years.
A variety of statistical techniques have been employed in studies examining the relationship between crop yield and soil and landscape properties. Many of the studies have attempted to understand this relationship using methods such as stepwise multiple linear regression and correlation analysis (Majchrzak et al., 2001; Redulla et al., 2002; Iqbal et al., 2005) . Others have employed multivariate statistical methods such as canonical correlation analysis, principal component analysis, factor analysis, and partial least squares (PLS) regression analysis (Ping et al., 2004; McDonald, 2006; Anthony et al., 2012) . Partial least squares analysis offers a major advantage over ordinary least squares regression techniques in that it is not affected by the multicollinearity arising from the intercorrelation among soil properties (Ping et al., 2004) .
In many jurisdictions, increasingly stringent environmental regulations dictate that no N and/or P fertilizers should be applied on soils that have received repeated manure applications and are enriched in these nutrients. In addition to these key nutrients, other soil properties are also critical to the sustenance of high crop yields. However, while many studies have examined relationships between soil properties and crop yields, to the best of our knowledge, no published study has attempted to explore the long-term trends in the yields of crops grown without supplemental fertilizer application in previously manured fields based on key soil properties at the start or cessation of manure application.
The overall objective of this study was to model irrigated barley yield using routinely measured soil properties determined at the establishment of long-term manure field plots in 1973 and at the cessation of manure application in 2003. The study also sought to investigate if the barley grain and soil properties measured during the period following discontinuation of manure application were becoming more similar (i.e., converging) among the discontinued manure treatments.
MATERIALS AND METHODS
The study description and the analytical procedures used have previously been described in detail (Sommerfeldt and Chang, 1985; Chang et al., 2007; Indraratne et al., 2009; Benke et al., 2013) and are summarized here briefly.
Site Description
The long-term experiment, established in 1973 was located at the Alberta, Canada (49°42¢ N, 112°48¢ W) . The soil at the site was a Calcareous Dark Brown Chernozemic clay loam (Typic Haploboroll). The clay mineralogy of the Chernozems located in this area is mainly dominated by mica and smectities, with small fractions of vermiculite, kaolinite and chlorite (Pennock et al., 2011) .
The experiment was initially set up under irrigation and laid out as a split plot design with three replicates, with tillage (plow, rototiller, cultivator plus disk) as the whole plot (7.5 m by 60 m) and cattle (Bos taurus) feedlot manure rate (0, 60, 120, and 180 Mg ha -1 yr -1 wet weight) as the subplot (7.5 m by 15 m). The 60 Mg ha -1 yr -1 (wet weight) was the recommended manure application rate for irrigated soils in this area at the initiation of the experiment (Alberta Agriculture, 1980) . Manure containing little or no straw bedding was collected from a commercial cattle feedlot operation (Chang et al., 2007) and was surface applied and then incorporated immediately each fall using one of the above tillage methods (Sommerfeldt and Chang, 1985) . The control (zero rate) plots did not receive any fertilizer or manure application.
Since there was no significant effect of tillage on crop yield and soil properties, the tillage treatment was discontinued in 1986 after which a cultivator was used to incorporate manure in all subplots to a depth of 10 to 15 cm (Chang et al., 2007) . This meant that the effective number of replicates per manure treatment was now nine. Three of the nine replicates were discontinued in fall 1987 and another three replicates were discontinued in fall 2003, that is, after 14 and 30 annual manure applications, respectively. The remaining three replicates of each manure rate continued receiving manure applications until 2010. For the current study, data from 2003 to 2010 from treatments that had 30 yr of annual manure application followed by 8 yr of no manure application were used.
Barley (Hordeum vulgare L. 'Galt') was the major crop grown in most years on the irrigated plots except in 1996 when the plots were cropped to canola (Brassica napus L.) and 1997 to 2000 when corn (Zea mays L., Pioneer hybrid no. 3957) was grown for silage. The barley cultivars used from 2003 to 2010 were 'Duke' , 'Kasota' , and 'Vivar' whereas those prior to 2003 were varieties commonly grown by local farmers. The site was generally seeded in May, and harvested for forage (the total aboveground biomass at soft dough stage for silage making) (Alberta Agriculture and Forestry, 2015b) in late August or early September of each year using a 50 cm by 50 cm quadrat while grain was harvested with a small plot harvester from a 4-m 2 area of each plot in October of each year (Chang et al., 1993) . The harvested crop biomass samples were oven dried at 60°C to estimate aboveground biomass yield. Crop residue was removed from all plots after grain harvest except for a 5-to 15-cm stubble layer which was left in the field (Indraratne et al., 2009; Benke et al., 2013) .
Soil Collection
Soil samples (two cores per plot) were collected from the 0-to 150-cm layer before fall application of manure at the establishment of the long-term plots in 1973 and also at the cessation of manure application in 2003. The soil cores were sectioned into six segments corresponding to the 0-to 15-, 15-to 30-, 30-to 60-, 60-to 90-, 90-to 120-, and 120 -to 150-cm depth intervals. Soil samples were also similarly collected from each plot in 2004, 2006, and 2008 immediately after harvest and before fall manure application. The samples were air-dried and passed through a 2-mm sieve before laboratory analysis. Subsamples were fineground (<0.15 mm) prior to analysis for soil total C (TC), total organic C (TOC), total N (TN) and total P (TP) determination. In this study, soil analysis results for samples from the 0-to 15-cm depth interval were used, except for the mobile nutrients NO 3 , SO 4 , and Cl, which were measured in samples from the 0-to 60-cm layer.
Laboratory Analysis
Soil TC and TN concentrations were determined using an automated CN analyzer (NA 1500, Carlo Erba, Milan, Italy). Total inorganic C (TIC) concentration was measured by the method of Amundson et al. (1988) . Soil TOC was estimated as the difference between TC and TIC. Soil inorganic N (sum of NH 4 -N and NO 3 -N) was extracted (1:5 soil/solution ratio) with 2 mol L -1 KCl and measured using an Auto-analyzer III (Bran and Luebbe, Germany). For extractable inorganic P or soil-test P (STP) determination, the soil was extracted (1:10 soil/solution ratio) with 0.5 mol L -1 NaHCO 3 (Olsen et al., 1954) . Total P concentration was measured using an EasyChem Pro discrete analyzer (Systea Analytical Technologies, Anagni, Italy) following digestion with H 2 SO 4 + H 2 O 2 (Parkinson and Allen, 1975) . Soil electrical conductivity (EC) was determined in saturated paste extracts ( Janzen, 1993) . Immediately after EC measurement, concentrations of Mg, Na, Ca, K, Cl and SO 4 in the extract were measured using an ion chromatograph (Dionex Corporation, Sunnyvale, CA).
Weather Data
Daily precipitation and temperature data were obtained from a meteorological station at the study site. Growing season potential evapotranspiration (PET) was calculated according to Baier and Robertson (1965) .
Statistical Analysis Descriptive Statistics and Analysis of Variance
Descriptive statistics (mean, variance, standard deviation, and coefficient of variation) were performed for all soil variables measured in 1973 and 2003 with the MEANS procedure in SAS version 9.4 (SAS Institute, 2014).
Analysis of variance (ANOVA) was performed using the GLIMMIX procedure for repeated measures in SAS 9.4 (SAS Institute, 2014) to determine the effects of manure rates on barley grain yield and soil parameters during the 8-yr period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) following discontinuation of manure application. Manure rate was modeled as a fixed factor with year as the repeated measure. The covariance structures selected for the repeated measures analysis based on the corrected Akaike Information Criterion (Littell et al., 2006) were compound symmetry [CS] for TN, unstructured [UN] for TP, banded main diagonal [UN(1)] for barley grain yield, STP, NO 3 -N, and NH 4 -N, and first-order autogressive [AR(1)] for TOC. When treatment effects were significant, means were compared using the TukeyKramer adjustment for multiple comparisons. Treatment effects were considered significant at a = 0.05.
Test of Homogeneity of Coefficients of Variation
Tests of homogeneity of coefficients of variation (CVs) (Zar, 1999) were performed to determine if barley grain yields during the period (2004) (2005) (2006) (2007) (2008) (2009) (2010) following discontinuation of manure application were becoming more similar among the discontinued manure treatments. The tests were also performed on soil NO 3 -N, NH 4 -N, STP, TN, TOC, and TP concentrations in 2003, 2004, 2006, and 2008 . The MEANS procedure in SAS was used to estimate the CV used to calculate the test statistic, which approximates the c 2 distribution with k − 1 degrees of freedom, where k is the number of years. The z-test (Zar, 1999) was used for pairwise comparison of CVs among years.
Partial Least Squares Regression
Partial least squares (PLS) regression was performed using PROC PLS in SAS 9.4 to identify soil parameters (predictor variables) that best explain the variability in barley grain yield (response variable) over the years. Soil parameters measured in 2003 were included as explanatory variables in the initial model for the manured plots in which manure application was discontinued in 2003. For the control plots, the initial soil parameters measured at the establishment of the long-term plots in 1973 were included as explanatory variables.
The contribution of each explanatory variable to the PLS model was assessed based on the variable importance in the projection (VIP). Only predictor variables with a VIP > 0.8 (Wold, 1995) were retained in the model. In PLS regression analysis, latent variables are generated to explain the variation in both the response and the predictor variables. The split cross validation method (CV = SPLIT) was used to determine the number of PLS extracted factors (latent variables) with the minimum predicted residual sum of squares (PRESS). The CVTEST option of PROC PLS was used to compare the PRESS for a model with fewer factors to that for a model with an optimum or minimizing number of factors. The model with fewer factors was selected as the final model if there was no significant difference between the two. The measured values in the response variables were regressed against the predicted values obtained from crossvalidation using PROC REG in SAS to determine the predictive strength of the model. 
RESULTS AND DISCUSSION

Precipitation and Irrigation
Soil Properties
Soil properties varied widely among plots prior to treatment application in 1973 and also following discontinuation of manure application in 2003 (Table 1) . Electrical conductivity in manured plots in 2003 ranged from 4 to 13 dS m -1 compared with 1 to 2 dS m -1 in the control plots. This indicates the accumulation of salts in the plots receiving repeated manure application. Generally, the mean and range of soil nutrients measured in 2003 in plots in which manure was last applied in fall 2002 were greater than those from the same plots measured in 1973 and in the control plots in 1973 and 2003. The mean STP concentration (1895 mg kg -1 ) in the 0-to 15-cm depth interval in plots in which manure was discontinued in 2003 exceeded the maximum recommended agronomic threshold of 60 mg kg -1 , above which crops seldom respond to added P in Alberta soils (Howard, 2006) . Also, the mean NO 3 -N concentration (409 mg kg -1 ) in the 0-to 60-cm depth interval in plots in which manure was discontinued exceeded the maximum recommended NO 3 -N limit of 34 mg kg -1 (270 kg ha -1 ) for manured, irrigated Dark Brown Chernozems and for medium and fine-textured soils (Province of Alberta, 2017). The excess soil N and P may be subject to loss to the environment via leaching of NO 3 to groundwater and P surface runoff to water bodies, resulting in environmental degradation. The high mean STP (200 mg kg -1 ), EC (1.4 dS m -1 ), and Cl concentration (75 mg kg -1 ) in the control plots in 2003 relative to measurements in 1973 could possibly be due to soil drifting and/or soil movement from manured plots resulting from tillage operations, which may have contaminated the control plots.
Grain Yield and Soil Properties after Manure Discontinuation
Repeated measures ANOVA for grain yield indicated a significant (P = 0.01) year ´ rate interaction (Table 2 ). In 2004 through 2007, the grain yield each year generally decreased with rate of manure application (Fig. 2) . The yield in 2005 was in fact significantly greater for the 60 Mg ha -1 yr -1 rate than the 180 Mg ha -1 yr -1 rate and greater for the control than the 180 Mg ha -1 yr -1 , likely reflecting the high EC associated with high manure rate. During the post-manuring period, grain yield showed no consistent overall trend regardless of historical manure application rate. However, yield from the last 3 yr (2008 through 2010) showed a nearly linear decrease with year for all treatments, which was likely due to the gradual decline in soil nutrient concentrations.
Tests for homogeneity of CVs for grain yield during the post-treatment phase (that is, 2004-2010) showed significant (P < 0.05) differences in CVs among the years, indicating that treatment differences were not consistent across the years (Fig. 3a) . This difference is due to the unusually high CVs ob- and August (12 mm) and none in July (Supplemental Fig. S1 ). Throughout much of Alberta, the Feekes Large Growth Stages 6 to 10 for barley, which correspond to Zadoks stages 30 to 45, occur in late June or early July, and possibly represent phenological stages when the crop has its highest moisture and nutrient requirements for dry matter accumulation (Alberta Agriculture and Forestry, 2015a) . When the CV for 2007 was excluded from -N, soil ammonium-nitrogen; NO 3 -N, soil nitrate-nitrogen; STP, soil-test phosphorus; TN, total nitrogen; TP, total phosphorus; TOC, total organic carbon. For soil parameters, soil samples from 0 to 15 cm were used, except for NO 3 -N, which was measured in samples from 0 to 60 cm. ‡ Values within columns followed by the same letter are not significantly different at P < 0.05. the analysis, the test for homogeneity of CVs for grain yield indicated no significant difference in the CVs, suggesting no evidence that treatment effects were becoming more similar (Fig. 3b) .
There was a significant year ´ rate interaction (P = 0.01) for NO 3 -N concentration (Table 2 ). Soil NO 3 -N concentration was significantly lower in the control than in plots receiving 120 and 180 Mg ha -1 yr -1 manure in 2003 and 2006 (Fig. 4) . Similarly, NO 3 -N concentration was significantly greater for the 120 and 180 Mg ha -1 yr -1 rates than the 60 Mg ha -1 yr -1 rate and the control in 2008. The NO 3 -N concentration for the 60 Mg ha -1 yr -1 treatment was similar to that for the control in 2008. Apart from crop N uptake, the decrease in NO 3 -N concentration may have been a result of nitrate leaching and denitrification following irrigation.
There was a significant (P < 0.001) year ´ manure rate effect on STP ( (Fig. 5) . Studies have shown that the stabilization of freshly applied P and water-soluble P in the soil results in the reduction of extractable soil P over time (Spratt et al., 1980; Sheppard and Racz, 1984a; Kashem et al., 2004) . Dark Brown Chernozems are known to have high content of base cations (Ca 2+ , Mg 2+ , K + , and Na + ) in the A horizon, with Ca 2+ as the dominant cation (Pennock et al., 2011) . The decline in STP concentration from 2004 to 2006 could be due to a combination of crop uptake, dilution of P resulting from tillage operations, leaching, and precipitation of the inorganic P by the exchangeable Ca and Mg in the soil, transforming the P to more stable forms over time (Hao et al., 2008) . In an incubation study, Kashem et al. (2004) reported that most of the labile P (H 2 O-P) in Chernozemic soils amended with hog, cattle manure, and synthetic P fertilizer moved into the less labile fraction (NaHCO 3 -P) with increasing incubation time. The authors concluded that P sorption was the main retention mechanism for added P. By the fall of 2006 in our study, manure P remaining in the soil probably consisted of a relatively greater proportion of less soluble forms, and a correspondingly lower proportion of Olsen P. Pizzeghello et al. (2016) reported that the amount of P sorbed increased with soil organic matter content and Ca and Mg concentrations in the soil.
In addition to the organic matter content and precipitation reactions, P availability and hence STP may have been influenced by soil moisture content and temperature at the time of soil sampling (Sheppard and Racz, 1984b; Siebers et al., 2017) . Soil samples were collected after harvest (crop nutrient uptake generally completed by end of July) and immediately before fall manure application in early November. The cumulative precipitation and mean air temperature between August and October in 2006 were 68.7 mm and 12.9°C, respectively, compared with 97.6 mm and 12.2°C, respectively, in 2004 (Supplemental Table S1 ). The low precipitation in 2006, coupled with the high temperature that year, may have enhanced the formation (via precipitation) of more stable forms of P relative to 2004, resulting in the observed decrease in Olsen P in 2006 (Sheppard and Racz, 1984b) . Nonetheless and importantly, STP concentrations were still above agronomic thresholds even for plots previously receiving the lowest manure rate, which had an STP concentration of 403 mg kg -1 soil in 2008.
Results show that soil NO 3 -N and STP concentrations declined gradually with repeated harvesting with no further fertilization following the discontinuation of manure application. However, it will take a much longer time for the STP to decrease to acceptable agronomic levels when compared with N. This could have environmental implications in that the P is still susceptible to loss to the environment. The plots therefore need to be managed carefully to minimize this risk of loss from occurring.
Tests of homogeneity of CVs for the soil parameters during the years following discontinuation of manure application indicated no significant difference in the CVs among the 6 yr for NH 4 -N, TN, TP, and TOC concentrations, reflecting the high accumulation of N, P, and C from 30 yr of manure application.
Modeling Grain Yield following Manure Discontinuation
A one-latent variable PLS model explained 25 to 88% of the total variability in grain yield during the 7 yr (2004) (2005) (2006) (2007) (2008) (2009) (2010) following discontinuation of manure application (Table 3) . A two-latent variable PLS model improved the predictive power, explaining 90% of the variability in grain yield 4 yr since the last manure application and 94% of the variability in cumulative grain yield (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . Nine to 13 explanatory variables had a significant (VIP > 0.8) contribution to the model explaining yield each year and cumulative yield during the 7 yr following discontinuation of manure application. Four variables (TOC, TP, TN, and NO 3 -N) were critical factors (VIP > 1.0) for barley grain yield in almost all years following discontinuation of manure application. However, the model containing these four variables had a lower predictive power (R 2 ) than models containing more variables selected using the criterion VIP > 0.8. For example, R 2 decreased from 87% for the model based on VIP > 0.8 to 85% in the model with just TOC, TP, TN, and NO 3 -N in the model for grain yield 3 yr since the last manure applica- ‡ 2004, 2005, 2006, 2007, and 2009 tion. On the other hand, the model based on VIP > 1 improved R 2 relative to the model based on VIP > 0.8 and, for the most part, the four-parameter model, except in 2009. Hence, the final model selected was the one based on VIP > 1. The four critical soil variables (TOC, TP, TN, and NO 3 -N) were generally negatively correlated with barley grain yield. This apparently anomalous correlation may reflect in part the negative effect of EC, which increased concomitantly with the critical nutrients from a baseline range of 0.5 to 0.9 dS m -1 prior to manure application in 1973 to 4.2 to 12.7 dS m -1 in 2003 following discontinuation of manure application. Positive response to nutrient concentrations was not expected in the manured plots since concentrations remained very high even 6 yr after the end of manure application. On the other hand, negative effects from high NO 3 -N concentrations (137-732 mg kg -1 soil in manured plots) may also have negatively affected barley yields. McDonald. (2006) reported that NO 3 -N concentration in the subsoil was negatively related with the grain yield and total dry matter yield of barley and wheat at maturity. Redulla et al. (2002) reported a similar negative correlation between total tuber count of potato (Solanum tuberosum L.) and soil NO 3 -N concentration. The authors suggested that this negative correlation was likely due to the large amount of N applied, which was greater than the optimal for potato production.
The 2007 growing season was the driest of all years following discontinuation of manure application, receiving just 121 mm of rainfall compared with 139 to 375 mm for the other six seasons. Clearly, supplemental irrigation did not do much to mitigate the effects of the drought, as indicated by the generally lower yields in 2007 compared with the other years (Fig. 1) . The dry conditions may also have resulted in the high yield variability in 2007, which showed a CV of 61% compared with 10 to 22% for the other years (Fig. 3) . This likely explains the low R 2 (48%) for the predictive model in 2007 compared with 0.8 to 0.94 for the other years. The low predictive power (25%) of the model observed for 2004 was likely due to poor seedling establishment resulting from delayed seeding early in the spring of (Xiying Hao, pers. comm., 2017 coupled with the low temperatures at the time of seeding in 2004 (7°C) compared with 10 to 19°C for the other six growing seasons (Supplemental Fig. S2 ), which resulted in low barley grain yields for all treatments. Although, the average monthly temperature for May of 2004 was 15°C, there were days with as low as <5°C.
Overall, our results suggest that soil parameters measured in the year following discontinuation of manure application accounted for a great percentage of the variability in grain yield and were therefore effective in modeling the yield even 7 yr after manure application was discontinued. In fact, inclusion of only TOC, TP, TN, and NO 3 -N concentration in the PLS model provided adequate predictive power for yield in plots that had a long history of manure application.
Modeling Grain Yield for the Control Plot
Although the seven-latent variable model provided the greatest R 2 for grain yield prediction in 1988, as did the four-latent variable model in 1992, the one-factor model provided adequate predictive power for the majority of the years (Table 4) . The model did not converge when the multiple latent variable equivalents were replaced by their one latent variable in 1988 and 1992. The model containing fewer variables selected based on VIP > 1 improved the predictive power relative to the model containing more variables selected using the criterion VIP > 0.8 in 1976 VIP > 0.8 in , 1979 VIP > 0.8 in , 1984 VIP > 0.8 in , 1992 VIP > 0.8 in , 1993 VIP > 0.8 in , 1994 VIP > 0.8 in , and 1995 . However, the R 2 for both models were similar in 1977, 1978, 1985, 2009, 2010 , and cumulative yield during the 37 yr of continuous cropping. Generally, the model based on VIP > 1 had a greater predictive power than the four-parameter model for almost all the years, except in 1975, 2006, 2007, and 2010 . Hence, the model based on VIP > 1 was selected as the preferred model compared with the others.
Initial TOC, TN, TP, and NO 3 -N concentrations were the most critical soil variables in the models and explained most of the variability in annual and cumulative grain yield. As expected for these control plots, there was a generally positive correlation between grain yield and the four soil variables. In contrast, the same predictors were generally negatively correlated with grain yield in plots that had previously received 30 yr of manure application, reflecting the negative effects of high EC and soil nutrient concentrations.
CONCLUSIONS
Partial least squares models using soil variable measured at the end of a 30-yr annual manure application period adequately modeled barley grain yield for up to 7 yr following discontinuation of manure application. Similarly, annual grain yield in control plots that did not receive any manure application was adequately modeled, for up to 37 yr since the start of the experiment, by PLS models utilizing soil properties measured in fall 1973. In both cases, the four soil variables, TOC, TP, TN, and NO 3 -N concentrations were the most influential and most consistent in explaining the variability in yield. The predictive power of the models was very good, ranging from 41 to 88%. Overall, a one-factor model with variables having VIP > 1 was selected as the most suitable for modeling grain yield in both the manured and non-manured plots in all years. Our results showed no evidence of convergence in grain yield among the discontinued manure treatments 7 yr after discontinuation of manure application, which reflects the high soil nutrient concentrations and the adverse and persistent effects on soil EC. This indicates that there is no need to supplement soil nutrients through the addition of synthetic fertilizers or manure within this period since the nutrient concentrations are still above the agronomic thresholds for optimum yield production. There is a need for longer term measurements of barley yield to determine when barley yield convergence across treatments will occur and when nutrient addition should begin. Yields were greater for the 120 and ‡ 1974, 1975, 1976, 1977, 1978, 1979, 1980, 1981, 1984, 1985, 1988, 1992, 1993,1994, 1995, 2006, 2007, 2008, 2009, and 2010 represent 1, 2, 3, 4, 5, 6, 7, 8, 11, 12, 15, 19, 20, 21, 22, 33, 34, 35, 36, and 37 180 Mg ha -1 yr -1 manure rates than the control in 2010, unlike in the earlier years following discontinuation of manure application, when yields were lower in the manured plots. Because the STP and NO 3 -N levels were still greater than the maximum agronomic limits of 60 and 34 mg kg -1 , respectively, even 7 yr after manure application was discontinued, these plots still need to be managed with care to ensure that excess nutrients are not lost to the environment.
